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Abstract 
In most of the emergency circumstances, the aircrew leaves the aircraft under unsatisfied conditions, such as too high relative
velocity to the ambient air or low partial oxygen pressure. The aircrew must pass through this area as quickly as possible before
opening the parachute safely, viz., free-fall. Numerical simulations are conducted in this paper to explore the major characteris-
tics of the aircrew free-fall process by using a commercial computational fluid dynamic (CFD) software, FLUENT. Coupled with 
the classical pressure-altitude and temperature-altitude relations, Navier-Stokes (N-S) equations for compressible flow are solved
by using finite volume method. The body velocity and the attitude are predicted with six-degree of freedom (6DOF) module. The 
evolution of velocities, including horizontal, vertical components and angular velocity, is obtained. It is also analyzed further
according to the particle kinetic theories. It is validated that the theories can predict the process qualitatively well with a modi-
fied drag effect, which mainly stems from the velocity pressure. An empirical modification factor is proposed according to the 
fitting results. 
Keywords: computational aerodynamics; free-fall; six-degree of freedom; parachute opening; life-saving 
1. Introduction1
The life-saving systems for aircraft are developed 
quickly with modern aircraft industry, especially for 
the high speed military planes[1-3]. The automatic 
rocket ejection seat systems attract significant atten-
tions in several countries, for example, K-36 series by 
Russia and ACES II series by USA. So far, the 4th 
generation systems, supported by adaptive control, 
propulsion control, high speed windblast protection 
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techniques, are believed to supply optimum crew tra-
jectory, reliability and stability, etc. 
On the other hand, plenty of factors will influence 
the aircrew safety after the bail-out, such as the accel-
eration when the aircrew opens the parachute (known 
as parachute-opening shock, or opening shock). Usu-
ally, human body can suffer less than 4-5g in 12-20 s 
in longitude direction, and less than 8-25g in 1 s in 
transverse direction[3]. Meanwhile, at high altitude, the 
atmosphere condition is too bad for the human to stay 
for a long time. The low ambient pressure and tem-
perature are usually prevalent at high altitude, which 
may lead to “hypoxia” or “frostbite”, respectively. All 
of these request the aircrew to get through this area 
and reduce the velocity relative to the ambient air as 
quickly as possible. The understanding of the free-fall 
process is therefore important not only for the high Open access under CC BY-NC-ND license.
· 146 · CHEN Xiaopeng et al. / Chinese Journal of Aeronautics 24(2011) 145-149 No.2 
speed aircraft, where the rocket ejection system is ap-
plied, but also for many large aero-vehicle, such as 
cargo plane, aircrew escaping. 
Numerous studies are implemented on the aircrew 
safety equipment design, training systems, operating 
guidelines, etc. Altgelt and Ward[4] analyzed the T-10 
parachute for the feature of fastness and repeatability. 
Gang and Wang[5] calculated the aircrew trajectory 
with Eulerian method. The effects of cruising speed, 
the body mass, angle of pitch, etc. were considered. 
Although the influence of altitude-air density was 
proposed in their study, details of which were not in-
cluded. Huang and Li[6] postulated a similarity theory 
for the aircrew bail-out based on their experimental 
study. The effect of air density was validated as well. 
Moskowitz[7] studied the opening shock at high and 
low altitude experimentally. The total force on the 
canopy is obtained. Garry, et al.[8] simulated the wind-
blast on the aircrew during the high speed ejection by 
finite element methods. The aeroelastic behavior of the 
helmet was analyzed. Hogue, et al.[9] developed a vir-
tual reality system for the aircrew parachute opening 
training. The factors, such as parachute operation, 
canopy collision avoidance, equipment procedures 
etc., were integrated. Besides the aforementioned re-
search, a lot of efforts are contributed to the biophysi-
ology[3,10], which concerns more about the biological 
response of human body to the parachute jump under 
different circumstances.  
The background of this paper is the cargo crew es-
caping procedures, where the cruising speed is rela-
tively low and normally without ejection devices. We 
mainly consider the pressure, temperature and the rela-
tive velocity limitation for the parachute opening by 
using full computational fluid dynamic (CFD) simula-
tion, through which the characteristics of body de-
scendent velocity are analyzed. The delay of the para-
chute opening is therefore can be estimated according 
to the results. Compared to the previous studies, the 
model is more precise. 
2. Numerical Models 
2.1. Governing equations and models 
The governing equations, Reynolds-averaged Na-
vier-Stokes equations (RANS), read 
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where u is the velocity, t the time, subscripts i, j and l
are coordinate components; i ju uU c c  are Reynolds 
stresses, which denote the momentum exchange be-
tween average and pulse parts, and the superscript “ c ” 
denotes the pulse components; p and U denote pessure 
and density respectively, Gij is kronecker delta symbol. 
The i ju uU c c  can be achieved through Boussinesq hy-
pothesis: 
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where v  is turbulent viscosity, and k the turbulence 
kinetic energy. The Spalart-Allmaras (SA) turbulence 
model is used to close the RANS equations above: 
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where Gv is the production of turbulent viscosity, P the 
molecular kinematic viscosity and Yv the destruction of 
turbulent viscosity that occurs in the near-wall region 
due to wall blocking and viscous damping, vV   and Cb2
are constants. Note that, since the turbulence kinetic 
energy is not calculated in the SA model, the last term 
in Eq.(3) is ignored when estimating the Reynolds 
stresses.
The computed pressure is then integrated on the 
body surface to obtain the total force and the moments 
with respect to the center of the gravity. The body ve-
locity and angular speed are updated according to the 
rigid body kinetics. In this paper, six-degree of free-
dom (6DOF) module in FLUENT is chosen[11].
The computation domain and the model are set as in 
Fig.1. In the study, the aircraft is neglected due to the 
large descendent distance. The computational domain 
(Fig.1(a)) is a sphere with the diameter eight times 
(radius: 7 m) as large as the body height (Fig.1(b)). It  
Fig.1  Computational domain and attitude of aircrew body. 
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is fixed on the aircrew’s body and moves with it dur-
ing the descent. On the boundary a constant pressure, 
which is a function of altitude, is prescribed with cer-
tain Mach numbers (0.5 for all cases) corresponding 
to the inlet/cruise speed (the horizontal arrow in 
Fig.1(a)). 
2.2. Setup of computation parameters 
As the aircrew leaves the plane and falls through a 
large distance (~103 m), the influences of pressure and 
temperature on the air density cannot be neglected 
according to the comparison among the terms in Na-
vier-Stokes (N-S) equations[12]. The compressible ideal 
gas constitution (p/ȡ=RT, R is gas constant, T the tem-
perature) is adopted. 
The corresponding values are estimated as fol-
lows[3]:
0
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where H is the altitude, Subscript 0 denotes the refer-
ence values. The sea level condition is applied as the 
references, p0 = 101.325 kPa and T0 = 300 K. In this 
paper, cruise altitudes are below 8 km. 
The body’s physical parameters are chosen shown in 
Table 1[13], where CG denotes center of gravity, Ix, Iy
and Iz are moments of intertia around body axes pass-
ing through the body’s center of mass. 
Table 1  Body parameters 
Parameter Value Parameter Value 
Mass/kg 60.0 Ix /(kg·m2) 8.71 
Height/m 1.6 Iy /(kg·m2) 8.27 
Relative height of 
CG/% 54.31 Iz /(kg·m
2) 0.65 
Initially, the body’s attitude is set as up-side-down 
(see Fig.1(b)). And the air flows from the crew’s front 
with the velocity of cruise speed. The releasing altitude 
ranges through 0.3 km to 8.0 km. During the descent, 
the body keeps a standing attitude (rigid). Before the 
transient 6DOF computing, a steady flow is computed 
with fixed computational domain as initial state. 
The total number of grids is about 400 000 and the 
minimum cell volume is 1010 m3 for the numerical 
model. During the calculation, the transient results 
converge to 104 on each time step. 
3. Results and Discussion 
3.1. Description of falling processes 
As an example, the snapshots of the crew falling 
process are shown in Fig.2 for several milliseconds, 
with the initial cruise velocity vx being 138.9 m/s and 
releasing altitude 6.5 km. Fig.2 shows that the crew 
rotates chaotically during the free-fall process, while 
the rotating speed evolution is plotted in Fig.3(a) with 
the mean value of zero. Therefore, if the crewman does 
not interact with the motion, the angular velocity :
might cause injury. However, in this study, we do not 
have any further information or the operating guidance 
about this interaction, and it could be left for future 
study. 
The evolution of horizontal vx, vertical vz and total 
velocities vtot is plotted in Fig.3(b), which represents 
the relative values to the ambient air. As is shown, vx
and vz decreases and increases with time, respectively. 
The total velocity is defined as vtot= 2 2x zv v . Accord- 
Fig.2  Crew falling process. 
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Fig.3  Rotating speed and velocity evolution during falling.
ing to the simulation, vy (~100 m/s) is always much 
smaller than the other two components and is ne-
glected. The process is characterized according to vx or 
vz at different stages, while vx reaches zero and vz a 
terminal value, approximately. The opening shock, 
according to Fig.3(b), possibly occurs at the beginning 
stage of free-fall, where vtot>144 m/s. Meanwhile, 
supposing that the safe altitude for parachute opening
in the territory of plateau is 7 km (where the pressure 
is high enough), it can be reached at time ~17 s 
(marked with arrow in Fig.3(b)). This conclusion is 
almost true for all the cases simulated: the relative ve-
locity decreases quickly, the corresponding condition 
of parachute opening can be easily satisfied, and the 
altitude condition is the major one for the safety con-
cern.
Detailed discussions of vx and vz will be imple-
mented further in the next two sections. 
3.2. Horizontal velocity evolution 
As we know, the aerodynamic drag includes dy-
namic (vUairv2) and viscous (vv) parts. However, 
given the scales of vx~100 m/s, length (L)~1.6 m and 
Ȟair~1.48×105 m2/s, we have Re{(Lvx)/Ȟair~107. The 
viscous force, therefore, can be neglected. Also, noting 
Ma<0.5 in our cases, the wave drag and shear force in 
the compressible boundary can be neglected according 
to Ref.[14]. The corresponding Mach number contours 
on the body are plotted in Fig.4. Since the frame for 
computation is fixed on the crew’s body, the cruise 
velocity is transferred to the inlet flow marked in 
Fig.4. 
In the cruise direction (along x axis), the load on the 
crew can be estimated through aerodynamics only. The 
body motion kinetic equation reads 
2d
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x
x
vm v
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where E is drag coefficient (note, the term of “drag 
coefficient” in this paper DOES NOT have the same 
meaning as the conventional one, CD), which is di-
mensional and depends on the body dimension, air 
Fig.4  Mach number contours on body (cruise Ma: 0.5, 
altitude: 8.0 km). 
density etc. And, it can be regarded as a function of 
Uair. We can set E=A' without losing generalization, 
where A is a prefactor. Here, we define ' ('=Uair /U (p0,
T0)) as the ratio of density at the release altitude to the 
reference density. The solution of the equation is 
0
1 1 At
v v
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Fig.5 shows the reduced vx according to Eq.(8). The 
legends in Fig.5 are organized as the altitude followed 
by cruise velocity. For instance, 0.3K500 represents 
that the crew is released at 0.3 km with 500 km/h 
(138.9 m/s, cruise speed). Good linear relationship is 
obtained with the similar slopes (or A), especially dur-
ing the beginning 4 s. Therefore, we can obtain the 
averaged slope of 3.1×103. For further descent proc-
ess (t > 4 s), the density variations are believed to 
cause the deviations. 
Fig.5  Horizontal velocity evolution. 
3.3. Vertical velocity evolution 
Neglecting the areodynamic drag, as we know, the 
body trajectory is parabolic with the initial vertical 
velocity (in z direction) of zero. With the areodynamic 
drag, the equation then reads 
2d
d
z
z
vm v mg
t
E              (9) 
where g is gravity acceleration. According to the dis-
cussion above, we have E=A'. With the initial value 
of vz=0, the equation is integrated with forth order 
Runge-Kutta method[15], which is plotted in Fig.6, 
where, A is evaluated in the above section. 
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Fig.6  Comparison of vertical velocity with theoretical pre-
diction.
On the other hand, given a constant E, the solution 
of Eq.(9) is 
0 tanhz
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where u0= mg E  is the terminal velocity when 
dvz/dt = 0. According to the simulation results, u0=
68.8 m/s (for case of 7.5K500), the averaged drag co-
efficient (E = 0.124) and the fitting curve could be 
obtained (dash dot line in Fig.6). The theoretical 
prediction results in an error less than 10%, which 
agrees qualitatively well with the numerical simula-
tions. It is worth noting that, since ' is constant for the 
prediction, the largest error is supposed to occur at the 
latter stage, viz. t~20 s. Fig.6 implies that the attitude 
might lead to some errors. 
Compared with the results in Section 3.1 and Sec-
tion 3.2, in spite of the complexity of geometry and 
body motion itself, the major trend of the free-fall sat-
isfies the fundamental particle motion theories. The 
equations can predict both horizontal and vertical mo-
tions, which are independent of each other. 
4. Conclusions 
(1) The kinetic theory of particles can be used to 
predict the falling trajectory with Eq.(11) qualitatively. 
2d
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m v
t
E  v v G
| v |
          (11) 
where G is body force (Gx=Gy=0, Gz=mg), and E the 
drag coefficient. E can be estimated as 0.124 or de-
fined as density dependent A'. The former is achieved 
by data fitting and gives better prediction. 
(2) The analysis shows that the air density variance 
with the altitude influences the body motion, espe-
cially on the horizontal component, since the initially 
high relative velocities. 
(3) Coupled with 6DOF module, the finite volume 
method can simulate the aircraft crew falling process 
successfully. And the body rotating, horizontal and 
vertical motions of the body are roughly independent 
with each other. 
(4) According to the simulated results, due to the 
velocity pressure, the relative velocity decreases 
quickly and the corresponding opening parachute con-
dition can be satisfied easily. What the major issue 
should be concerned is the altitude conditions with 
proper temperature and pressure values. 
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